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The Graduate Center for Cloud Physics Research at UMR has developed a cloud simulation 
facility to study phenomena occurring in terrestrial clouds and fogs. The facility consists of a 
pair of precision cooled-wall expansion chambers along with extensive supporting equipment. 
The smaller of these chambers, described in this article, is fully operational, and is capable of 
simulating a broad range of in-cloud thermodynamic conditions. It is currently being used to 
study water drop growth and evaporation for drops nucleated (activated) on well-
characterized aerosol particles. Measurements have been made not only for continuous 
expansions (simulated updraft) but also for cyclic conditions, i.e., sequences of expansion-
compression cycles resulting in alternating drop growth and evaporation. The larger of the two 
cloud chambers is nearing completion and will provide a broader range of conditions than the 
smaller chamber. The facility is supported by a fully implemented aerosol laboratory which 
routinely produces well-characterized condensation nuclei. The aerosol laboratory contains 
extensive instrumentation designed to both shape and measure the size distribution and 
nucleating characteristics of the generated aerosol. The cloud simulation facility also includes a 
humidifier to bring an air sample to a known humidity before it is put into the cloud chamber. 
A systematic program to infer effective condensation coefficients (of water vapor on cloud 
drop) under a variety of well-controlled simulated in-cloud conditions is now under way. 
Analysis of current experiments with standard drop growth theory indicates a variation of 
condensation coefficient with observation time, with values sufficiently low to explain one of 
the current mysteries in cloud physics: viz., the broad spread of drop sizes observed in natural 
clouds. This article includes a description and performance specifications of the smaller cloud 
simulation chamber. 
INTRODUCTION two chambers, designated Proto II and Romulus, are de-
signed to subject a sample of moist aerosol-laden air to a 
predetennined profile of temperature and pressure approxi-
mating those observed during various processes which occur 
in the atmosphere. This article describes the smaller Proto II 
chamber. A summary of the chamber operating parameters 
is given in Table I. 
During the past 25 years the Graduate Center for Cloud 
Physics Research at the University of Missouri-Rolla has 
been engaged in a balanced theoretical and experimental 
study of the microphysical processes active in atmospheric 
clouds and fogs. In 1968 a program was initiated to develop a 
laboratory facility for simulating cloud thermodynamic pro-
cesses. Two cooled-wall expansion cloud chambers are the 
heart of the resulting UMR cloud simulation facility. The 
Cooling the walls at the same rate as the gas in the 
chamber greatly reduces the exchange of heat between the 
sample and the chamber walls, thereby minimizing thermal 
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uncertainties. The facility thus provides an opportunity to 
observe and study various atmospheric processes under pro-
longed, controlled, measurable, and repeatable conditions. 
No comparable facility exists elsewhere, nor to our knowl-
edge is one being planned elsewhere. 
An extensive array of support equipment has also been 
developed. This includes several types of aerosol generators 
for producing both water soluble and insoluble particles; as 
well as equipment to modify and characterize the generated 
aerosol based on both size and ability to nucleate water drops 
or ice crystals. Measurements can be made on cloud droplets 
formed in the chambers both in situ and by extraction of the 
sample from within the chamber. Figure 1 shows a flow dia-
gram for the facility with arrows tracing the progress of an 
aerosol sample flowing through the system. The details of 
the support equipment either have been 1-3 or will be report-
ed elsewhere. 
The philosophy behind this facility embraces the recog-
nition that the development of a cloud is governed by a com-
bination of microphysical and dynamic processes. The simu-
lation facility is intended to investigate the microphysical 
processes with the conviction that both types of processes 
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FIG. 1. Flow diagram ofUMR simulation facility. 
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must be understood individually before there is any realistic 
hope of a clear understanding of their combined interactive 
effects on the cloud. 
Some areas of study under current or proposed investi-
gation include: warm and cold cloud droplet growth, aerosol 
scavenging by cloud droplets, ice nucleation and growth, 
collision coalescence, memory effects due to cycles of con-
densation and evaporation, and optical properties of clouds. 
I. PROTO II CHAMBER 
A. Physical description 
The Proto II chamber is a cooled-wall expansion cloud 
chamber. The chamber is a lO-sided vertical cylinder with a 
flat to flat internal dimension of approximately 46 cm (Fig. 
2). It is designed to be operated with internal heights of 61 or 
122 cm. Initial experiments have been done in the 61-cm 
configuration. 
The design concept for this chamber is to provide the 
interior waH surfaces with a means of external temperature 
control so that a temperature match between the walls and 
gas is maintained as the gas temperature is changed by ex-
pansion or compression. In this way the massive flux of heat 
to or from the walls found in an expansion cloud chamber4 is 
avoided, and the interior temperature remains welI defined. 
The chamber can be programmed to carry out expansions at 
any rate slower than the maximum design rate, stop and hold 
constant temperature and pressure, reverse and recompress, 
or any combination of these while maintaining accurate 
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FIG. 2. Proto II chamber. 
knowledge of the thermodynamic parameters of the sample. 
The chamber can operate with interior wall tempera-
tures between + 40 and - 40 cC. Considerable care has 
been taken to ensure uniform interior wall temperature. 
Temperature control is based on the use of thermoelectric 
modules (TEM's) to pump heat between the thin (0.96 cm) 
inner wall and the thick (7.6 cm) fluid-thermostated outer 
wall. Figure 3 shows a cross section of the chamber wall. It 
should be noted that the inner wall plates are actually two 
aluminum plates (6.35 and 3.18 mm) laminated together 
with a heat-cured sheet adhesive. In addition to permitting 
the use of inserts for the sockets into which the mounting 
studs screw, the reduced thermal conductivity in the adhe-
sive bond line causes an increased thermal resistance for 
transfer of heat from the inner chamber surface to the TEM 
interface. This results in a significant smoothing of the tem-
perature over the inner chamber surface compared to that 
observed when single solid plates of equal total thickness 
were tested. The beveling of the plate edges is done because 
otherwise the row of TEM's near the plate edge would be 
cooling a greater mass than the other TEM's, resulting in a 
slower response at the plate edge than the center. 
TEM's were chosen because they can provide a more 
spatially uniform temperature than would be possible, for 
example, by circulating a liquid through passageways in the 
walls of the chamber. Moreover, the heat pumping of the 
TEM's can be precisely controlled by direct electrical 
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FIG. 3. Cross section of chamber wall. 
means. The area controlled by a single control loop has been 
kept small (15.25 X 30.5 cm) with each control loop (40 for 
the 61 cm height; 60 for the 122 em height) having its own 
interior wall temperature sensor, analog control circuit, pro-
grammable switching power supply, and set of TEM's. In 
this chamber each interior wall plate has one control loop. 
The TEM's can cool the inner wall surface at rates up to 
10 'C/min for temperatures from + 40 to 10 °C below the 
temperature of the heat sink. Below this range the maximum 
cooling rate decreases until the lowest temperature of 35 DC 
below the heat sink temperature is reached. Maximum heat-
ing rate exceeds 10 DC/min for all temperatures. At present 
the chamber at 20·C regularly shows an rms spread of 
0.01 ·C or less in the temperature of the 40 measured control 
sections with a peak-to-peak spread of less than 0.050·C. 
For the interior walls 30 cC below the heat sink temperature, 
the rms increases to 0.075 ·C and the peak-to-peak spread 
approaches 0.5 DC. 
B. Temperature measurement 
Temperatures are measured using transistor thermom-
eters developed and constructed by the electrical engineer-
ing staff of this research center. The thermometers use the 
temperature characteristics of the base-to-emitter junction 
of a transistor as the sensor. Their useful range of ± 50 DC 
covers the temperature range of interest for work with the 
simulation facility. 
The system is calibrated to an output of 0.000 V dc at 
0.0 ·C and a gain of - 0.100 V dc/oC. The slight quadratic 
nonlinearity (0.07·C maximum error) is compensated for 
by computer corrections when the thermometers are read. 
The system has a resolution of ± 0.001 °C and can be cali-
brated to ± 0.005 dc. Long-term zero point drift for 6-12 
months is typically less than ± 0.010 DC. 
Thermometer calibration is based on a water triple point 
cell and National Bureau of Standards gallium melting point 
cell. A commercial electronic quartz thermometer and a 
commercial direct reading platinum resistance thermometer 
are used as transfer and interpolation standards. 
The chamber wall plate and heat sink transistor sensors 
are mounted in a threaded brass rod ( 1.3 cm long and 0.5 em 
in diameter) which can be screwed directly into flat bottom-
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tapped threaded wells in either the interior wall plate (Fig. 
4) or the heat sink. The sensor threads are coated with a 
small amount of thermal grease which assures maximum 
thermal contact between the sensor and the part being mea-
sured. One sensor is located in the center of each interior wall 
plate and there is one heat sink sensor for every two interior 
wall plates. 
The facility has 128 thermometers of which 96 can be 
read directly by the primary control and data~acquisition 
computer (NOV A 840; Data General Corp.) at a rate of 40 
Hz. Sixty of these 96 channels are assigned to the chamber 
inner wall plate thermometers and 14 to chamber heat sink 
thermometers. The remaining 22 channels are assigned to 
thermometers distributed throughout the rest of the facility 
in such locations as the sample humidification system, var-
ious fluid coolant loops, etc. 
c. Temperature control 
The interior surface temperature of the chamber wan is 
controlled by separate analog controller circuits for each 
15.25 X 30.5-cm control section of the wall. The controllers 
are proportional with both integrator and differentiator 
components. Each controller has two inputs, one from the 
output of the thermometer mounted in the wall section and 
the second from the DI A (digital-to-analog) channel of the 
NOVA 840 control computer (see Sec. n A), which is pro~ 
portional to the desired wall temperature. The controller 
generates an error signal by comparing the two signals and, 
after modifying the error signal with the integrator and dif-
ferentiator contributions, outputs the result as a command 
signal to the appropriate programmable switching power 
supply which then causes the wall section to heat or cool as 
necessary to drive the error signal to zero. This closed-loop 
system has a settling time of approximately 30 s. 
The desired temperature signal is provided by the con-
trol computer as a function of time through a dedicated D I A 
channel which is updated every 0.5 s. The desired tempera-
ture is calculated by linear interpolation between points 
stored in a computer file. The particular file consisting of 
1001 time-temperature-pressure sets is entered as part of 
the chamber dosing sequence after the initial conditions and 
actual sample characteristics are known, and the appropri-




FIG. 4. Mounting of thermometers in chamber inner wall. 
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The thermal mass of the inner wall plate introduces a 
natural delay into the response of the chamber to changes in 
dT Idt, where T is the temperature. This appears as a lag 
when the rate is increased and an overshoot when the rate is 
reduced. However, the response of the chamber is sufficient-
ly repeatable that temperature data collected during pre-
vious expansions can be used to modify the control signal to 
the controllers to provide the required anticipation which 
minimizes both lags and overshoots. 
Even the uncorrected response of the chamber for a 
typical 10 ·C/min linear cooling profile shows a maximum 
initial error between the measured and desired temperatures 
of less than 0.8 0c. This decreases to between 0.15 and 
0.18 ·C within 15 s after the beginning of the cooling and 
remains relatively constant during the period of linear tem-
perature decrease. At the end of the cooling period there is 
an overshoot of approximately 0.5 ·C with recovery in less 
than 10 s. 
The temperature of the chamber heat sink is controlled 
by circulating fluid from a constant temperature bath 
(Forma Scientific, Model2075A) through passages drilled 
in the heat sinks expressly for this purpose (Fig. 3) . The flow 
pattern in the chamber heat sink consists of opposing flows 
in adjacent passages. This ensures a more uniform tempera-
ture distribution by averaging the effects of the increase in 
fluid temperature between inlet and outlet ports. Response 
of the heat sink and circulator bath to changes in desired 
temperature is sufficiently slow to preclude effective changes 
during the course of most individual experiments. 
D. Pressure measurement 
Pressure is measured in the chamber by a differential 
strain gauge pressure transducer with its reference side con-
nected to the sensing volume of a vacuum-referenced preci-
sion (0.01 %) dead weight gauge (Ruska, Model 2465, 0-
103 kPa). The pressure sensor is located external to the 
chamber and connected to the sensitive volume of the 
chamber by a 3. 17-mm-i.d. tube and a hole drilled through 
the chamber wall. The response of the transducer and con-
necting tube is much faster than any rates of pressure 
changes within the design range of the chamber. This ar-
rangement simplifies the exchange of transducers so that the 
range of the transducer can be matched to the anticipated 
peak-to-peak pressure change during a particular experi-
ment. Therefore, the sensitivity of the system can be maxi-
mized for each type of experiment. The reference pressure 
can also be varied to center the transducer range on the an-
ticipated absolute pressure range of the chamber. The pres-
sure port is located in one of the lower side wall sections of 
the chamber. 
Calibration of the differential pressure transducers is 
performed using two of the precision dead weight pressure 
gauges to apply accurately known pressures to each side of 
the transducer. At each setting (when both gauge pistons are 
floating) the difference in the settings is entered into the 
computer and the output signal of the transducer recorded 
by the computer through the same AID (analog-to-digital) 
system used for experimental readings. Once the full range of 
calibration readings has been recorded, a least-squares cubic 
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curve is fit to the data. Calibration data are taken for pres-
sure changes in both directions. 
During operation, one of the dead weight gauges is cov-
ered by a bell jar with a vacuum pump connected to the 
volume above the piston. The reference side of the trans-
ducer is connected to the bottom side of the piston and a 
precision fine metering valve is used to bleed filtered air into 
the transducer reference lines. The metering valve is adjust-
ed so that the amount of bleed air entering the system just 
balances that which is lost by flow past the piston to the 
vacuum in the bell jar. In this way a steady-state condition 
with the piston floating can be maintained for periods oftime 
in excess of those required to carry out an experiment. 
The accuracy of the system is three parts in 104 • The 
effects of electrical noise in the system are reduced by read-
ing the pressure transducer signal 50 times at a lO-kHz rate 
with the high-level AID unit of the control computer 
(NOVA 840) and averaging the readings. 
E. Pressure control 
The cloud chamber pressure versus time control profile 
is designed to cause the gas temperature to track the 
chamber wall temperature (see Sec. I B) . Pressure control is 
maintained by removing or adding air to the chamber by 
means of isoentropic expansions or compressions. While the 
amount of air added during compression is restricted to very 
small volumes the amount removed during expansions can 
be quite large. The rate of air flow into or out of the system is 
controlled by an 8-bit digital valve (Digital Dynamics, 
Inc.). This valve has eight parallel orifices which are individ-
ually controlled and have their individual flow rates ar-
ranged in a binary sequence. That is, if the orifices are num-
bered n = 0,1,2, ... ,7, the relative flow through a given orifice 
for a given set of inlet and outlet pressures is proportional to 
2n. Each bit of the valve is controlled by the corresponding 
bit of an 8-bit digital word from the NOV A 840 control com-
puter. 
During operation the chamber pressure is measured, the 
desired chamber pressure one update period in the future 
(normally 1 s) is determined from the preloaded time-tem-
perature-pressure control profile, and the required valve set-
ting is calculated based on pressures and required pressure 
changes. The valve setting is converted to an 8-bit digit word 
and sent to the digital output controlling the valve. A major 
advantage of this system is the speed of valve response since 
the valve setting can be changed from fully closed to fully 
open, or anything in between, in a single jump. This reduces 
the peak-to-peak oscillations in pressure, associated with the 
control system, by a factor of 50 compared to a former mo-
tor-driven rotary valve system. The sign of the calculated 
pressure change determines whether the expansion or re-
compression system is used. 
F. Expansion system 
The expansion system of the chamber removes air radi-
ally from the sensitive volume through a series or small ports 
(16 O.79-mm-diam holes per 61 cm of height) located along 
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each of the ten vertical joints between side wall heat sink 
sections (Fig. 5). The individual flows are combined and 
directed to the expansion manifold located under the 
chamber. The design provides balanced flow in all the lines 
so that air can be removed or introduced into the chamber 
uniformly at all ten joints. 
G. Optical systems 
A schematic view of the optical system for the chamber 
is shown in Fig. 6. 
1. Chamber windows 
The optical cloud diagnostic techniques outlined below 
access the chamber via 2.3-cm (clear aperture) windows. 
The chamber has three windows: two directly opposite each 
other and one at 72" from the forward direction. 
All window assemblies are of the same design (Fig. 7). 
Each has a 1.6-mm-thkk sapphire window, mounted in Del-
rin with an O-ring seal to the inner wall, which is approxi-
mately coplanar with the inner surface. Sapphire was select-
ed because it is very tough and has an unusually high thermal 
conductivity for a transparent material. The sapphire win-
dows are fiat to one wavelength, have been cut for minimum 
birefringence, and are coated. About 4 mm behind the sap-
phire wall window provisions are made to mount another 
optical element. This can be a prism, lens, or another sap-
phire window. The entire system is mounted in a Delrin cyl-
inder that is easily removed without disassembly of any oth-
er part of the chamber. 
The temperature of the window can be controlled to 
track the walls. This is accomplished by allowing thermos-
tated carbon dioxide gas to flow between the inner and wall 
plate windows; the gas temperature determines the tempera-
ture of the wall window. A transistor thermometer sensor is 
in contact with the edge of the wall window and its signal is 
used for control. Very cold carbon dioxide gas is generated 
by the phase change from liquid to gas in the compressed gas 
cylinder and a subsequent nozzle expansion. The gas is then 
heated by a controlled electrical resistance heater to the re-
quired temperature and allowed to flow through the space 
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2. Optical table 
The optical diagnostic system for the chamber is mount-
ed on a vibration isolated optical table made ofS-in. iron pipe 
welded into a horizontal "H" configuration and filled with 
sand. An argon-ion laser sits on the top of this structure and 
its expanded beam is directed into the chamber with mirrors 
mounted on the legs of the "H" which extend around two 
sides of the chamber. 
3. Photographic/video 
The cloud in the chamber can be either photographed or 
viewed with a low-light-level TV camera. Photographs are 
taken with a motorized Nikon (F3) camera that is computer 
controlled. An f /3.5 Macro Nikkor lens is used with a re-
solving power of about 150 line pairs/mm (atthe film) and a 
GASKET 
FIG. 7. Observation window design. 
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depth offield of about 1 em in the center of the chamber. The 
camera window is at 72° from the foward direction of the 
laser beam. The film is Kodak Tri-X or Plus-X developed to 
ISO (ASA) 1600 or 400, respectively, in Diafine developer. 
Illumination for the photography is provided by a xenon 
flash lamp powered by a commercial photography electronic 
flash power supply (200, 400, or 800 J/flash with a l.4-s, 
maximum recycle time). The flash lamp light beam is 
shaped with lenses and a slit into a vertical sheet of light in 
the chamber. All drops in the light are in focus for the cam-
era lens (in the depth of field) and only these drops are 
illuminated and register on the film. Calibration of the cam-
era magnification and the illumination volume yields the 
drop count per cm3 in the volume (integrated on the film). 
A TV camera with a low-light-level silicon tube can be 
used in place of the photographic camera. The laser beam 
that is used for Mie scattering measurements provides illu-
mination. Various lenses are available for the camera with 
views ranging from about 6 cm diameter in the center of the 
chamber to an extreme wide-angle view obtained by a fisheye 
lens. This latter arrangement has poor resolution; the other 
configurations will detect individual cloud drops. The TV 
camera image may be recorded on a standard VHS video 
cassette recorder. 
4. Optical attenuatIon 
The attenuation system measures the attenuation (or 
transmission) of a light beam across the chamber. A modi-
fied commercial light-emitting diode (LED) provides the 
light source. The wavelength of approximately 670 nm (20 
nrn bandwidth) includes few water vapor lines. The small 
LED source is collimated to a i-cm beam diameter and pro-
jected across the chamber to a silicon diode detector (! 0 field 
of view). The intensity-controlled LED source is electroni-
Cloud simulation 831 
cally chopped at 1 kHz and the detector electronics synch-
ronously rectify this signal. The system is quite immune to 
background radiation and noise. The light beam is intro-
duced and extracted from the chamber by wavelength selec-
tive beam splitters that also transmit the laser beam for Mie 
scattering. The accuracy of the system is three parts in 104 • 
5. Mie scattering system 
The Mie scattering from a cloud of drops is used to de-
termine the mean size of the drops as a function of time for 
monodispersed clouds. A 488-nm argon-ion laser beam is 
introduced into the chamber via a prism at an angle of 2°. A 
similar prism arrangement on the other side of the chamber 
views at 2°. Thus the PMT (photomultiplier tube) detector 
sees the Mie scattering from the cloud drops at 4° from the 
forward direction. The light scattered from a water sphere 
(calculated by Mie scattering theory) at 4° is shown in Fig. 8. 
A similar graph is obtained from the output of the PMT 
detecting light scattered from a cloud of monodispersed 
drops growing in time. Comparison of the two graphs (in-
tensity versus radius and intensity versus time) yields radius 
versus time for the drops in the cloud. One should note in 
Fig. 8 a very valuable feature of the scattering at 4°. The 
graph not only displays oscillations of the scattering intensi-
ty as a function of radius but reveals that the envelope of the 
maxima of the oscillations is also modulated. In practice 
very often the first oscillations in Fig. 8 are difficult to detect 
due to noise or other factors. The modulation of the envelope 
allows one to unambiguously correlate a particular oscilla-
tion with the correct drop radius. 
6. Scanning system 
A device to detect, count, and size drops of a polydis-
persed cloud in a volume of about 1 em3 in the center of the 
chamber is under development. It uses the four strong lines 
from an argon-ion laser in an integrated and focused beam. 
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FIG. 8. Four degree Mie scattering intensity vs droplet radius (theoretical 
calculation) . 
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sample volume. The resulting scattering from the drops is 
integrated over 15° at 90° from the incoming beam and the 
height of the pulses are measured. An approximate linear 
relation has been found theoretically for the height of the 
pulse as a function of drop size. This system will be mounted 
at the midpoint of the I22-cm chamber configuration. 
II. COMPUTER SYSTEM 
Ao Proto II 
The control and data-acquisition system for the Proto II 
chamber is build around a NOVA 840 (Data General 
Corp.) minicomputer (Fig. 9). Two 2.S-Mbyte moving 
head disk drives with removable cartridges provide on-line 
storage for both the operating programs and short-term data 
storage. 
A wide-range I 5-bit AID converter with programmable 
gain and a cycle time of 0.025 s is used for reading tempera-
tures and any routine data acquisition. A high-level 15-bit 
fixed gain AID (0-10 V dc) which samples at 10 kHz is used 
to take measurements requiring a faster acquisition rate 
(such as the pressure transducer and optical attenuation si:g-
nals). The high-level AID can be set to sample at 20 kHz if 
required. 
The digital 1/0 (input/output) has 12 16-bit channels 
(seven inputs and five outputs) which are TTL (transistor-
transistor logic) compatible. These are used for such func-
tions as reading the external elapsed time clock (10, 100, or 
1000 Hz) or outputting ani off commands to the various 
valves. pumps, recorders, etc. The digital expansion valve 
command utilizes 8 bits of one output channel. The wall 
temperature control signal is transmitted through one of the 
eight D/ A analog channels available (five 0-10 V; three 
± 10 V). 
The operator interacts with the system via both the ter-
minal and the front panel switches on the central processing 
unit. After an experiment data can be transferred to magnet-
ic tape (~-in. reels) for long-term storage or printed on the 
line printer (Tally T -1120). Both the magnetic tape and line 
printer are used to store back-up copies of the operating pro-
grams. 
The computer is capable of multitasking which allows a 
high degree of flexibility in the chamber operation. By set-
ting up each function such as pressure control, thermometer 
readings, waH temperature control, etc. as a separate task, it 
is easy to establish individual priorities and frequencies of 
performance. Also it is simple to cancel a task entirely for a 
given experiment. Details are given by Hagen et al. s 
B. Support systems 
While the NOVA 840 minicomputer provides control 
and data-acquisition functions for the simulation facility, a 
NOV A 3 is used for pre- and post-experiment cloud model-
ing, experiment preparation, and data analysis. The two 
minicomputers transfer data by a hardwire link. It is neces-
sary to have a numerical model which simulates the physical 
processes, e.g., thermodynamics and droplet growth, that 
occur within the expansion chamber. (This model6 runs on 
the NOVA 3.) The model is used to design and optimize 
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FIGo 90 Block diagram of the computer data-acquisition and control systemo 
experiments, Le., choose the best aerosol concentration, ex-
pansion profile, data-acquisition times, etc. In the develop-
ment of a typical experiment, the designer runs the cloud 
model several times to find variables (initial temperature 
and pressure, expansion profile, aerosol concentration, etco ) 
that will yield the conditions desired (e.g., a monodisperse 
cloud of 4.0-,um radius at 280 K and 90.0 kPa with a growth 
rate of 0.2 pm/s). Computer disk files are generated with 
this information and then are transferred to the NOV A 840 
for real time use in controlling the cloud chamber. 
The NOVA 3 also plays a role in the analysis of experi-
ments, i.e., comparing experimental observations such as 
droplet growth rates with theory under the known condi-
tionso Data files containing results of the experiments are 
transferred from the NOVA 840 to the NOV A 3 for analysis. 
The NOV A 3 also provides computer support for var-
ious other cloud simulation facility subsystems. A cold CFD 
(continuous flow diffusion cloud chamber) with ice on its 
plates is being developed. The NOV A 3 runs a numerical 
model that simulates the physical processes (e.g., particle 
motion, ice nucleation, phoretic forces, .00) that occurin this 
chamber. It was used for chamber design optimization stud-
ies and for data analysis. The aerosol generation and charac-
terization laboratory uses the NOV A 3 to run an inversion 
program 7 to process electric mobility classifier aerosol size 
distribution data. Another program is used to analyze warm 
(above freezing) CFD aerosol concentration versus super-
saturation data to determine the volume soluble fraction 
spectrum of the aerosol. 
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III. SAMPLE PREPARATION AND CHAMBER 
FLUSHING 
A. Preparation 
Samples for use in the cloud simulation chambers are 
produced continuously with total volumetric flow rates of 1-
2 lis. Exterior ambient air is drawn in, filtered (particles: 
99.97% efficient at 03 flm; organics: activated carbon), and 
dried (refrigeration and desiccant: dew point < _0_ 40 "C) to 
produce clean dry air to which the required water vapor and 
aerosol concentrations can be added. Water vapor content is 
established by passing the air through a precision flowing 
water humidifier. (For dew or frost points below O°C the 
initial drying process is adjusted to leave the desired vapor 
content.) The aerosol-laden air is added to the clean moist 
air using a mixing ratio of 1 : 100 or lesso The resulting sam-
ple is then flushed through the appropriate cloud simulation 
chamber. 
B. Humidifier 
The vapor density of the sample air for warm cloud ex-
periments is established by means of a precision flowing-
water humidifier.s Air is exposed to a flowing water surface 
under closely controlled thermal conditions and allowed to 
become nearly saturated at the temperature of the system. 
The humidifier consists of two thick waH aluminum cyl-
inders (98 em high by 1605 em i.d.) each containing 60 7-
mm-diam glass rods. The cylinders and rods are mounted 
vertically and water is pumped to the top of the cylinders and 
allowed to flow down over the surfaces of the glass rods. The 
air which flows around the rods is never further than 13 mm 
from a flowing water surface during the 30 s residence time 
of air in the humidifier. 
Temperatures of both the cylinders and flowing water 
are closely thermostated (0.010 °C peak-to-peak fluctuation 
during a sample flush) by a multiloop feedback control sys-
tem based on transistor thermometers located in the walls of 
both cylinders, the water flow, and the outlet air flow. Most 
oftlle evaporation and the associated latent heat release oc-
cur in the first cylinder, so that the second cylinder acts as a 
fine adjustment. 
Calibration of the humidifier controls, using the simula-
tion chamber as a precision hygrometer, has shown that the 
actual dew point of the air at l7 °C is consistently 0.355 °C 
below the temperature of the outlet air flow. During normal 
steady-state operation of the system, the controls force the 
outlet air to the system set -point temperature and maintain it 
there with fluctuations of less than O.OlO °C peak to peak 
during the period of a sample flush. The error from changes 
in water-vapor content caused by changes in residence time 
due to normal variations in the sample air flow rate are 
smaller than those from other experimental uncertainties. 
C. Chamber flushing 
A sample is introduced into the chamber using top to 
bottom flow. It first enters the inlet manifold chamber which 
is located directly above the simulation chamber top section. 
The sample then flows into the chamber through 164 sepa-
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rate ports. This technique ensures a more uniform flow of 
sample into the top of the sensitive volume than a single large 
port. It thus greatly reduces the likelihood of stagnant re-
gions being formed in some corners of the chamber during 
flushing. An additional very important advantage is that 
each individual port is small enough to fit in the space 
between TEM's and does not interfere with their normal 
physical layout. This inlet system is duplicated as an outlet 
system on the bottom of the chamber where it is connected to 
the exhaust line. 
The chamber is flushed for a minimum of 15 min. Flush-
ing typically continues until a measurement of the aerosol 
concentration in the chamber shows an acceptably stable 
value for 5 min. The sample is drawn from the chamber 
expansion system which is being flushed with the chamber. 
When both flushing conditions have been satisfied and all 
other chamber systems are operating normally, the chamber 
inlet and outlet valves are closed to seal the chamber. 
At this time, pressure control of the chamber by the 
control computer is activated and a very slow isothermal 
expansion or compression brings the chamber to the desired 
initial pressure. A sample line which bypasses the chamber 
directly to the exhaust line is also opened as the chamber is 
closed (to allow the steady-state conditions existing in the 
sample preparation system to be maintained and ready for 
use in flushing the chamber for the next experiment). 
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